The properties of ternary indole-cation-anion (IMX) complexes are theoretically studied as simplified models of real systems in which some of the fragments used are parts of bigger and complicated structures, like proteins. The electro-neutrality of real systems and the presence of ions of both charges interacting simultaneously with aromatic residues in the proteins modeled justify the move from cation-π or anion-π (non-bonding interactions analyzed by our group in previous studies) to cation-π-anion complexes. With the intention of approaching more the model to reality, the solvent was also included in the study: aqueous solvent was represented by a combination of PCM + explicit addition of one water molecule to some IMX complexes. As model 
Introduction
The interaction between a cation and an aromatic moiety is a common motif in biological systems, usually involving side chains of aromatic and cationic amino acids. [1] [2] [3] As a consequence of its importance, a lot of experimental and theoretical work has been done in order to understand the cation-π interactions, its physical origin and action mechanism. In this effort, Computational
Chemistry takes an important part, for example elucidating that the nature of this interaction is more than electrostatic, as believed in the early studies. [4] [5] [6] Taking into account that in real systems cation-π interactions usually occur in conjunction with other non-bonding interactions, it is important to consider model structures in which multiple interactions occur together. [7] [8] [9] The electroneutrality of real systems and the presence of ions of both charges interacting simultaneously with aromatic residues in the proteins modeled justify the move from cation-π to cation-π-anion complexes.
10, 11
The present study is oriented to the equilibrium properties of ternary indole-ammoniumanion complexes in water, as simplified models of real systems in which some of the fragments used are parts of bigger and complicated structures, like proteins. The complexes studied include the ammonium cation (model of the cationic end of lysine) and the formate anion (present in the side chain of glutamic and aspartic acids) as well as Na + , NO 3 -and Cl -(ions with biological interest also). Indole, present in the aromatic side chain of tryptophan, is employed as a model of a π-system. This molecule includes in its structure the benzene ring (present in phenylalanine and tyrosine) and has additionally a pentagonal aromatic ring containing a N-H group, similar to that found in the imidazole ring of histidine. The presence of the two conjugated rings and the N-H group gives indole the possibility for interacting as donor or acceptor. 12, 13 Therefore, it can interact with ions of both charges, working as a good ion-pair receptor 14 and it has been recognized as the most frequent fragment in the cation-π interactions observed in protein systems. 15 In the present investigation it is assumed that the model complexes studied are formed from their isolated fragments. The main hypothesis is that the trends and conclusions reached can be extrapolated to the real systems in which one or two of the fragments (for example, indole and one of the ions)
could be bound to a protein backbone.
It is presumable that the most common situation in real systems is given when the cation-π-anion complex is surrounded by an aqueous media. Therefore, with the intention of approaching the model to reality the solvent has been included in the study. The work done in this field applies one of the two main methods available: the micro-solvation approach 3, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] or the use of a continuum model. [26] [27] [28] Both approximations to the solvation problem have its own benefits and drawbacks so, if the size of the system allows it, the combination of both methods is also employed with the aim of model simultaneously the specific and the non-specific solute-solvent interactions with a reasonable calculation effort. 29, 30 The solvent effect on the properties of the cation-π-anion complexes was performed in this work by applying the Polarizable Continuum Model combined with the explicit addition of one water molecule to some indole-ammonium-anion model complexes.
Computational Details
The geometries of the indole-cation-anion complexes and those of its monohydrates were optimized first in gas phase using the M06-2X/6-31+G* level of calculation and the stationary points found were characterized as minima by means of frequency calculations. It has been confirmed that this model Chemistry describes the energetic and geometric features of the systems studied with trends and numerical results close of that achieved with the MP2(full)/aug-ccpVDZ//MP2/6-31+G* level of calculation. The supermolecule approach was used for the calculation of E int , the BSSE-free interaction energies, 32, 33 and the corresponding deformation energies (E def ) were also included.
The combination of both is reported as binding energy: E bind = E int + E def . As previously advised, [34] [35] [36] the BSSE computed at the same level of calculation in the gas phase with the geometries reoptimized in water is added to the interaction energies obtained with PCM using for each fragment its own basis.
Indole has two main ways for interacting with the anions: N-H···X and C-H···X.
The complexes of indole with the same cation and anion are more stable when the anion is in the first of these orientations because of the extra stabilization conferred by the interaction between the anion and the N-H group of indole, more acidic than the C-H groups. 31 All the structures of the indole-cation-anion complexes included in the present study have the anion by the side of the N-H group of indole.
In the calculations of E int for the IMXw complexes, the additional water molecule was considered as being part of the cation (hydrated cation) fragment. This approach was chosen because, considering isolated indole, anion and cation, the H 2 O molecule establishes the strongest interaction with the last, and because in all but one of the hydrated complexes found exist a direct cation-H 2 O interaction. All the calculations were performed with the Gaussian09 suite of programs.
37 Table 1 . Influence of the solvent on the geometry and binding energy of indole-sodium-chloride complexes. The structures were optimized at the M06-2X/6-31+G* level of calculation in gas phase or PCM=water, as indicated in the second column, and are minima in their respective PES. The complexes with a "w" in its label contain one water molecule. r (Na-Cl) is the length, in Å, between the cation and the anion. E bind is the binding energy, in kcal/mol, for:
Indole + (sodium·n water) + chloride  complex·n water (n = 0, 1) 
Results and Discussion
Solvent effect on the structure of indole-cation-anion complexes. As in all cation-π-anion complexes studied previously, 11, 31 in the systems examined in the present investigation the anion and the cation are in the same side of the indole molecule (see their structures in Figures 1 and 2 ).
This geometrical distribution is consequence of the cation-anion electrostatic attraction, which is the strongest interaction between the fragments of the ternary cation-π-anion complexes.
This interaction is the most affected when the solute is surrounded by a medium with high dielectric constant and therefore the cation-anion separation can be used as geometrical indicator of the solvent effect on the structure of the cation-π-anion complexes. interacts directly with the other three fragments of the complex. Despite the diversity of situations those specific interactions established by the explicit water molecule modify the cation-anion separation less than the non-specific effect of the water represented by the continuous, which capture the main part of the solvent effect on this parameter. Nevertheless, the ions that are part of the INC complex are monatomic and is convenient to extend the study to more complex ternary complexes. Indole-cation-anion complexes that include polyatomic ions, best related to the structure of the proteins that we try to model, are analyzed below.
IAC
In the configuration showed by the complexes studied, with both ions facing each other directly, the ammonium cation shows a particular behavior when paired with basic anions.
In complexes with formate as well as with nitrate the N-H bond of NH 4 + , pointing towards the anion is stretched about 45% to 63% (in gas phase) with respect to the values observed in the isolated cation, indicating that a proton transfer is taking place. In complexes with chloride anion the mentioned N-H bond of NH 4 + is stretched too, but to a smaller extent: 12% in IAC. The ammoniumbasic anion proton transfer is also observed when the complexes are in water and the elongation of the N-H bond is modified because of the influence of the medium. In the indole-ammoniumanion complexes, this bond length constitutes an indication of the solvent effect on the structure, which has showed to be better than the cation-anion separation. Table 2 shows the values of r (N-H), the length of the ammonium's N-H bond directed to the anion in the studied complexes and its relative change, calculated using as reference the length of this bond computed in the gas phase optimization of the non-hydrated (IAX) complexes. It can be observed that when the complexes are in water (PCM) this bond is shortened, reducing the proton (and therefore the charge) transfer. This is the expected result because a solvent with a high dielectric constant favor the charge separation and the complexes are stable even conserving the cation and anion charges without big changes. The effect is not large (a reduction of 5.9% in the N-H length) when the anion is formate (the strongest base) but the shortening is 8.2% when the anion is chloride and 28.7% when the anion is nitrate, even when both are very weak bases.
This reveals the importance of specific interactions in the systems analyzed and a continuous method, like PCM, is not able of model them. The addition of one H 2 O molecule to the complexes is the first step in the exploration of how important are these specific interactions compared with the solvent effect already expressed by the implicit method. Table 2 . Influence of the solvent on the geometry and binding energy of indole-ammonium-anion complexes. The structures were optimized at the M06-2X/6-31+G* level of calculation in gas phase or PCM=water, as indicated in the second column, and are minima in their respective PES. The complexes with a "w" in its label contain one water molecule. r (N-H) is the length, in Å, of the ammonium's N-H bond directed to the anion. E bind is the binding energy, in kcal/mol, for:
Indole + (ammonium·n water) + anion  complex·n water (n = 0, 1) The structures of the hydrated indole-ammonium-anion complexes optimized with PCM shown by the other complexes that include polyatomic ions. These results indicate that the PCM method properly reproduces the main trends showed by E bind , even at quantitative level, though the explicit hydration could allow detecting cases that do not follow the general behavior. A detailed microhydration + PCM study is out of the scope of this work, but seems to be the best combination in order to improve our understanding of the cation-π-anion interactions in aqueous solution, mainly when a basic anion in involved.
Conclusions
The solvent effect on the properties of indole-cation-anion complexes has been studied theoretically at the M06-2X/6-31+G* level of calculation. The presence of a polar solvent modelled 
